Background: Previous studies have established that estrogen is capable of accelerating cutaneous wound healing through multiple mechanisms, one of which involves affecting keratinocytes biological properties, such as migration, proliferation, etc. This study aims to reveal the underlying molecular mechanisms of estrogen promoting epidermal keratinocytes proliferation. Method & Results: We found that compared with female mice with a normal estrous cycle, female mice with their ovaries removed before puberty exhibited a delayed cutaneous wound healing, thinner epidermis, and significantly fewer proliferating cell nuclear antigen (PCNA)-positive keratinocytes. Moreover, a significant increase in HaCaT proliferation was detected by a CCK8 assay when treated with 17 β-estradiol compared with those treated with control vehicle. Consistent with the results of the CCK8 assay, flow cytometry indicated a high proportion of 17 β-estradiol-treated HaCaT cells in S phase compared with vehicletreated cells. Western blot analysis demonstrated the activation of Akt, Erk and upregulation of PCNA in HaCaT cells treated with 17 β-estradiol. Interestingly, Erk activation occurred prior to Akt activation. Upregulation of PCNA expression, elevated proliferation and high S phase fraction of HaCaT cell by 17 β-estradiol could be reversed by an Akt or Erk inhibitor. Moreover, Erk inhibition reversed 17 β-estradiol-induced Akt activation, whereas an Akt inhibitor exhibited no effect on Erk, further suggesting that Erk was on the upstream while Akt on the downstream of the signaling pathway. Conclusion: This study demonstrates that one of the critical mechanisms underlying 17 β-estradiol promoting skin wound healing is through regulation of keratinocyte proliferation via Erk/Akt signaling pathway.
Introduction
Normal cutaneous wound healing is a complicated process involving three overlapping phases, namely the inflammatory, proliferative, and remodeling phases [1] [2] [3] . Each phase requires coordinated effects of various cell types, including keratinocytes [4, 5] , fibroblasts [6] , immune cells [7] , etc., the disturbance of which in any phase leads to delayed cutaneous wound healing [8] .
Previous studies have developed numerous methodologies to promote cutaneous wound healing [9] [10] [11] , among which the application of estrogen has been widely investigated. Local utilization of exogenous estrogen accelerates the repair of acute and chronic wounds [1, 12, 13] . Estrogen plays a prominent role in promoting healing processes by modulating the inflammatory response, accelerating re-epithelialization, inducing granulation, and modifying proteolysis [14] in skin cells, especially keratinocytes [15] . The role of estrogen in promoting keratinocyte proliferation has been implicated in several previous studies. In women with low estrogen levels, skin thickness has been shown to be reduced by approximately 1% per year after menopause [16] . A study of topical estrogen administration in elderly males and females has confirmed that keratinocyte proliferation and epidermal thickness increase significantly after only two weeks of application [17] . However, the regulatory mechanisms and signaling pathway underlying estrogen-accelerated cutaneous wound healing via epidermal keratinocytes are not completely understood.
The extracellular signal-regulated kinase (Erk) and phosphatidylinositol 3-kinase (PI3-kinase) signaling pathways, which have been reported to be activated by basic fibroblast growth factor (bFGF), nerve growth factor (NGF), valproic acid, etc., have been reported to be crucial for cutaneous wound healing [18] [19] [20] [21] [22] . Furthermore, activation of the Erk signaling pathway has been reported in keratinocyte proliferation induced by the application of exogenous estrogen [23] . However, whether estrogen can activate these pathways and subsequently regulate keratinocyte proliferation remains elusive.
Herein, we propose that estrogen accelerates cutaneous wound healing by promoting proliferation of epidermal keratinocytes via the Erk/Akt signaling pathway.
Materials and Methods

Animal model
All procedures were approved by the Animal Ethical Committee of the Third Military Medical University and were carried out in accordance with the approved guidelines. Adult female C57 mice (10 to 12 weeks of age, 20 ± 2 g) were purchased from the Center for Experimental Animals at the Third Military Medical University. The mice were maintained under appropriate conditions with food and water available ad libitum. The estrous cycle (including the proestrus, estrus, metestrus, and diestrus phases) was assessed by vaginal smear cytology according to a previously published protocol [24] . Mice in the estrus phase were chosen for this study because the systemic estrogen concentration peaks during this phase [25] , and these mice were designated as the "estrus group" [26] . Bilateral ovariectomy was performed according to previous reports [27] on 4-week-old female C57 mice. The ovariectomized mice were kept until 8 to 10 weeks of age for further experiments. The two groups of mice were then anesthetized with isoflurane (1 -4%) in oxygen and shaved prior to the generation of a bilateral incision of approximately 1 cm in length, as described previously [18] . Photos of the incisions from the same mouse were taken at 0, 1, 3, 5, and 7 days following incision generation for comparison.
Histological analysis
The mice were anesthetized with isoflurane (1 -4%) in oxygen. Histological sections were prepared from wound tissues fixed in 10% buffered formalin saline and embedded in paraffin wax. Five micrometer sections were stained using a Hematoxylin Eosin (HE) staining kit (cat#E607318-0200, BBI Life Science, New York, USA) or subjected to immunohistochemistry with a rabbit anti-PCNA antibody (cat#D120014-0200, 1:1000, BBI Life Science, New York, USA) and an appropriate biotinylated secondary antibody, followed by detection with a GTVision TM +Detection System/Mo&Rb (GK600705, Gene Tech, Shanghai, China) using Novared substrate and counterstaining with hematoxylin. Total cell numbers were quantified using Image Pro Plus software (see Supplementary Methods online; Media Cybernetics, Silver Spring, MD).
Cell proliferation assessment by CCK8 assay
A human keratinocyte cell line (HaCaT) was purchased from the Institute of Burn Research and was cultured in serum-free medium under standard conditions as previously described [28] . HaCaT cells cultured in serum-free medium from each group were seeded on day 3 in a 96-well tissue culture plate at a density of 1 × 10 4 cells per well. Cell proliferation for each group was determined using a Cell Counting Kit (SK6335-500T, BBI Life Science, New York, USA). Absorbance was measured at 450 nm using an ELx800 Absorbance Microplate Reader (Bio-Tek Instruments, Winooski, VT).
Cell cycle distribution analysis by flow cytometry
Flow cytometry was performed for DNA cell cycle analysis according to the method described by Akgul [29] . Briefly, cells were treated with Hoechst 33342 (10 μg/ml; Sigma, Dorset, UK) and were then harvested and washed twice with phosphate-buffered saline (PBS). After the second wash, the cells were resuspended in 500 μl PBS containing 5 μg/ml propidium iodide (PI; C1052 Beyotime Institute of Biotechnology, Shanghai, China). The relative DNA concentrations in stained cells were measured using an LSR flow cytometer (Becton Dickinson, San Jose, CA, USA) and were plotted in a frequency histogram of Hoechst fluorescence. Cell cycle data were acquired using CELLQuest (BD biosciences, California, USA) and were analyzed with ModFit LTTM. DMSO-treated keratinocytes were used as control cells to identify the staining efficiency of PI and the group of diploid cells (G0/G1 phase cells). Using the G0/G1 peak of chicken erythrocyte nuclei as an internal standard, both the G0/G1 and G2/M peaks of the analyzed samples were determined, and then the DNA quantities were calculated. Cell cycle percentages were derived from the DNA histograms. The peak of hypodiploid cells, anterior to the G0/G1 peak, was the apoptosis peak. The proportions of cells in the G0/G1, S and G2/M phases were calculated using FlowJo software (Tree Star, Inc., Ashland, OR, USA). The S-phase fraction (SPF) was determined by measuring the area under the curve between the G0/G1 and G2/M peaks.
Determination of protein concentrations by Western blot analysis
Western blotting was performed as previously described to determine the protein expression levels of Akt, p-Akt, Erk, p-Erk, and proliferating cell nuclear antigen (PCNA) in tissues from HaCaT cells treated for 0, 5, 15, 30, 60, 120, or 240 min or 3 days [18] . In brief, proteins were homogenized in 10 volumes of RIPA lysis buffer I (C500005, Sangon Biotech, Shanghai, China); next, equal amounts of proteins (10 -20 μg) were fractionated on a 15% SDS-PAGE gel and were then transferred to nitrocellulose membranes. The membranes were blocked with blocking buffer (5% nonfat dairy milk dissolved in TBS containing 0.05% Tween-20 (TBS-T)) overnight at 4°C. They were then incubated with the following primary antibodies: antiAkt (1:1000; #9272s, Cell Signaling Technology, Shanghai, China), anti-p-Akt (1:1000; #4051s, Cell Signaling Technology, Shanghai, China), anti-Erk (1:1000; #4695s, Cell Signaling Technology, Shanghai, China), antip-Erk (1:1000; #4370s, Cell Signaling Technology, Shanghai, China), anti-PCNA (1:1000; #AB20014, BBI Life Science, New York, USA) and anti-TUBA4A (1:500) and a secondary antibody (#AB10058, BBI Life Science, New York, USA). Following three washes in TBS-T, the proteins were detected using an enhanced chemiluminescence (ECL; Abcam) kit according to the manufacturer's instructions.
Statistics
Statistical analysis was performed using Student's t test, one-way analysis of variance (ANOVA) and the least significant difference (LSD) test. The data are presented as the mean ± standard deviation (SD) of four independent experiments for each group and were analyzed with GraphPad Prism (GraphPad Software, Inc., La Jolla, CA, USA). All tests were two tailed, and the level of significance was set at P < 0.05.
Results
Cutaneous wound healing was delayed in ovariectomized mice
For the mouse incisional wound healing model, the ovariectomized group exhibited significantly delayed incision healing compared with the estrus group (Fig. 1A) . Wound healing progression in the ovariectomized group was similar to that in the estrus group during the first 3 days. However, accelerated healing in the mice at estrus cycle was observed compared with the ovariectomized mice thereafter, as demonstrated by the wound healing percentages, which indicated that the mice at estrus cycle exhibited better healing on days 5 and 7 than the ovariectomized mice (Fig. 1B) . Representative histological images of incisions at both high and low magnifications were captured, and HE staining on day 7 after wounding demonstrated that re-epithelialization of the incision in the 5 mice at estrus cycle was complete, indicating full recovery (Fig. 1C) , whereas only 2 mice in the ovariectomized group displayed complete re-epithelialization. The re-epithelialization percentages of the incisions on day 7 directly demonstrate this significant difference (Fig. 1D) . Moreover, reepithelialization of the lesion sites in the mice at estrus cycle was thicker than that in the ovariectomized mice. Both the macroscopic and histological assessments demonstrated that cutaneous wound healing was delayed in the ovariectomized mice.
Keratinocyte proliferation was increased in the presence of estrogen in vivo and in vitro
As shown in Fig. 2A , the epidermal thickness of the ovariectomized mouse tail skin was significantly decreased compared with that of the estrus group mouse tail skin, suggesting that estrogen might play a role in promoting keratinocyte proliferation. Immunohistochemical staining of PCNA revealed significantly increased positive staining in epidermal cells in the estrus mouse tail epidermis compared with the ovariectomized mouse tail epidermis (Fig. 2B) . PCNA expression in the skin of the mice at different stages of the estrous cycle was also examined by Western blot analysis. In agreement with the immunohistochemical staining results, significantly higher PCNA expression levels were observed in the skin of the mice at proestrus and estrus phases compared with the skin of those at metestrus and diestrus phases, whereas the lowest PCNA expression level was observed in the skin of the ovariectomized mice (Fig. 2C) . Thus, PCNA expression in the skin was positively correlated with the estrogen level. Furthermore, Western blotting demonstrated that PCNA expression was upregulated in 17 β-estradiol-treated HaCaT cells (100 nM for all related experiments, Fig. 2D ). To validate the effect of 17 β-estradiol on promoting keratinocyte proliferation in vitro, CCK8 assay was employed. As shown in Fig. 2E , a significant elevation in HaCaT cell proliferation was detected following treatment with 17 β-estradiol compared with the vehicle control. Flow cytometry analysis revealed that a majority of the DMSO-treated cells were at the G1-S phase of the cell cycle, whereas most of the 17 β-estradiol-treated HaCaT cells were at the S phase (Fig. 2F) . Calculation of the SPF indicated that the number of S phase cells in the 17 β-estradiol-treated group was significantly increased compared with that in the DMSO group (Fig. 2F) . These in vivo and in vitro results demonstrate that estrogen promotes keratinocyte proliferation with the subsequent upregulation of PCNA expression.
ERK and Akt signaling pathway were activated by 17 β-estradiol
To determine the effects of 17 β-estradiol on keratinocyte intracellular signaling pathways, HaCaT cells were maintained under previously described conditions [23] . 17 β-Estradiol was added to the medium, and the Akt and Erk protein levels and phosphorylation statuses were determined (Fig. 3A) . During the first 240 min, significant upregulation of both Akt and Erk was detected at 120 and 60 min, respectively (Fig. 3B, D) . Moreover, the phosphorylation of Akt and Erk was maximally stimulated above the baseline levels at 60-120 and 5-15 min, respectively (Fig. 3C, E) , indicating that Erk activation occurred much earlier than Akt activation. Notably, the activation of both Akt and Erk was subsequently attenuated (Fig. 3A-E) . No obvious upregulation of the PCNA protein level was detected during the first 240 min of 17 β-estradiol stimulation (Fig. 3A) . (LY294002), further demonstrating the involvement of the Erk and Akt signaling pathways in this physiological context (Fig. 4A) . In addition, the p-Akt levels were significantly attenuated following supplementation with the Erk inhibitor PD98059, whereas the p-Erk levels showed no difference after treatment with the Akt inhibitor LY294002 (Fig. 4B, C) , suggesting that Erk activation might be the upstream event of estrogen-mediated wound healing. We next performed CCK8 and flow cytometry assays to determine whether inhibition of the Akt or Erk signaling pathway prevents 17 β-estradiol-induced HaCaT proliferation. As expected, the HaCaT cells exhibited increased proliferation after treatment with 17 β-estradiol compared with those treated with DMSO. This increase was significantly reversed after administration of an Akt or Erk inhibitor (Fig. 4F) . Flow cytometry assay showed similar results, further indicating that Erk and Akt mediated 17 β-estradiol-induced HaCaT proliferation (Fig. 4G,  H) .
Discussion
An accumulating body of evidence has demonstrated that estrogen plays an important role in cutaneous wound healing. A previous case-cohort study of venous ulceration and pressure ulcers in elderly women has reported that patients receiving estrogen replacement are less likely to develop venous ulceration than those not receiving estrogen replacement [13] . A comparison of wound healing in pre-and post-menopausal women has demonstrated delayed re-epithelialization in the post-menopausal women, which was reversed in those administered replacement estrogen [30] . In addition, the systemic and topical application of estrogen has been shown to promote cutaneous wound healing both in vivo and in vitro [17, 30, 31] . In this study, the ovariectomized mice displayed significantly delayed cutaneous wound healing compared with the mice with a normal estrous cycle.
Estrogen plays a prominent role in accelerating epidermal keratinocyte proliferation [16, 32] . In women with a low estrogen level, skin thickness is reduced by greater than 1% per year after menopause [16] . A study of topical estrogen administration in elderly males and females has demonstrated that keratinocyte proliferation and epidermal thickness increase significantly after only two weeks [17] . In this study, mouse tail skin was used because of the multiple layers of epidermis in the tail skin, which resembles human skin morphology [31] . A significant decrease in the epidermal thickness of the tail skin was observed in the estrogen-deficient ovariectomized mice compared with the mice with a normal estrous cycle. Moreover, the PCNA levels in the ovariectomized mice were markedly reduced compared with those in the estrus group mice, indicating less vigorous proliferation of the epidermis in the ovariectomized mice.
The Erk and Akt signaling pathways, which are known to be crucial in cutaneous wound healing [22, 33] , can be modulated by numerous agents [18, 19, 21] , including 17 β-estradiol [23] . Moreover, their roles in promoting cell proliferation have been reported. For instance, activation of estrogen receptor by Akt and Erk mediated estrogen receptor has been reported to promote breast cancer cell proliferation [34] . Furthermore, Verdier-Sevrain et al. have reported that the Erk signaling pathway is activated through non-genomic pathways in the physiological process of exogenous estrogen-induced keratinocyte proliferation [23] . Therefore, we hypothesize that estrogen accelerates cutaneous wound healing by promoting proliferation of epidermal keratinocytes via the Erk/Akt signaling pathway.
As reported in previous studies, 17 β-estradiol induces Akt and ERK1/2 phosphorylation in a time-dependent manner, which has been shown to fluctuate in rat cortical neuron cells [35] . This phenomenon is consistent with our observation that the activation of Erk and Akt began within 5 to 60 min of estrogen treatment and was downregulated thereafter. Erk and Akt activation could still be detected on day 3 in HaCaT cells treated with 17 β-estradiol in vivo, demonstrating that the degree of Erk and Akt activation was positively correlated with the estrogen level. However, PCNA expression was not upregulated concurrent with Erk or Akt expression until 3 days after 17 β-estradiol treatment (after Erk/Akt expression was altered), and it was inhibited by the Akt and Erk inhibitors, suggesting that PCNA upregulation is a downstream event. Western blotting of skin tissues obtained at different phases of the estrous cycle demonstrated in vivo fluctuations of Erk/Akt activation and PCNA expression.
Moreover, the in vitro study revealed that the proliferation rate of keratinocytes was increased following administration of 17 β-estradiol and that it was halted by inhibition of Akt and Erk activities with the inhibitors LY294002 and PD98059, respectively, even when 17 β-estradiol was also present, demonstrating a clear relationship between estrogen and the Erk/Akt signaling pathways in mediating keratinocyte proliferation. In addition, we discovered that Erk was upregulated and activated at the beginning of the process, whereas Akt was upregulated subsequently. Furthermore, the p-Akt level was significantly attenuated by supplementation with the Erk inhibitor PD98059, whereas the p-Erk level was not influenced by treatment with the Akt inhibitor LY294002. These results indicate that 17 β-estradiol-induced keratinocyte proliferation may be mediated by the Akt/Erk signaling pathway.
Collectively, this study has demonstrated that estrogen accelerates cutaneous wound healing by promoting epidermal keratinocyte proliferation, involving Erk as an upstream molecular and Akt as a downstream molecular. Notably, cutaneous wound healing is an extremely complicated pathophysiological process that involves a series of important events other than keratinocyte proliferation, including inflammation and re-epithelialization. Estrogen may affect these events, and further investigation is necessary.
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